Preadipocyte factor 1 (Pref-1) is an EGF-repeat-containing transmembrane protein that inhibits adipogenesis. The extracellular domain of Pref-1 is cleaved by TNF-α converting enzyme to generate the biologically active soluble form of Pref-1. The role of Pref-1 in adipogenesis has been firmly established by in vitro and in vivo studies. Pref-1 activates ERK/MAPK and upregulates Sox9 expression to inhibit adipocyte differentiation. Sox9 directly binds to the promoter regions of CCAAT/enhancer-binding protein-β and CCAAT/enhancer-binding protein-δ in order to suppress their promoter activities in preventing adipocyte differentiation. Here, we describe the function of Pref-1 in adipocyte differentiation and the recent findings on the mechanisms by which Pref-1 inhibits adipocyte differentiation.
for studying mesenchymal cell commitment and differentiation into adipocytes. During the last two decades, adipocyte differentiation has been extensively studied at the transcriptional level. PPAR-γ and CCAAT/enhancer-binding proteins (C/EBPs) are transcription factors that have been shown to play critical roles in adipocyte differentiation. C/EBP-δ and C/EBPβ are increased early during differentiation to induce PPAR-γ and C/EBP-α for adipocyte differentiation. These transcription factors in turn induce many genes involved in adipocyte function, such as adipocyte fatty acid-binding protein (aFABP; aP2), stearoyl CoA desaturase 1 (SCD-1) and fatty acid synthase (FAS). Various hormones, growth factors and extracellular matrix proteins (ECM) play regulatory roles in adipocyte proliferation and/or differentiation. Some of these molecules are secreted by adipose tissue itself -either by adipocytes or preadipocytes.
Preadipocyte factor 1 (Pref-1) was originally cloned from a 3T3-L1 preadipocyte library [1] . Pref-1, and its soluble form, are also referred to as Delta-like 1 (Dlk1), pG2, Fetal antigen 1 (FA1) or Zona glomerulosa-specific factor (ZOG), depending on the context in which they were originally identified [1] [2] [3] [4] . Pref-1 is highly expressed in preadipocytes and absent after adipocyte differentiation. In adults, Pref-1 expression is significantly detected only in certain cell types such as preadipocytes, pancreatic islet β cells, thymic stromal cells, adrenal gland cells and the pituitary [1, [5] [6] [7] . However, Pref-1 is widely expressed in developing embryonic tissues, such as the tongue, lungs, liver, vertebra, skeletal myotubes, pancreas, placenta and ovarian cells, but the expression is rapidly reduced after birth [1, 8] . Pref-1 is also detected in some tumors and tumor cell lines of neuroendocrine origin [3] . Increased levels of circulating Pref-1 are found in maternal serum in concentrations that correlate with the number of fetuses in utero in rodents. Pref-1 is a paternally expressed imprinted gene located in an imprinted syntenic region in mouse chromosome 12, human chromosome 14 and sheep chromosome 18, along with other imprinted genes, meg8, dat, gtl2, peg11 and antipeg11 [9] [10] [11] [12] . The majority of imprinted genes code for proteins that regulate fetal growth and organogenesis. In addition, Pref-1 has been shown to affect multiple differentiation processes, including adipogenesis [1, 13, 14] , chondrogenesis [15] , osteoblastogenesis [15, 16] , hematopoiesis [17] , adrenal and neuroendocrine cell differentiation, as well as B-cell differentiation [18] . Pref-1 has also been reported to be involved in tumorigenesis [19, 20] . Overall, Pref-1 may function as a soluble factor, maintaining proliferating cells in an undifferentiated state during development. In this review, we focus on describing the function of Pref-1 in adipocyte differentiation and the underlying molecular mechanisms.
Pref-1 structure & cleavage
Preadipocyte factor 1 is made as a transmembrane protein and four major alternative splicing forms, Pref-1A-D, are present at varying levels, depending on the tissues [21] . Spliced variants have also been found in other species [22] . Pref-1 contains six EGF-like repeats in the extracellular domain, which maintain the conserved spacing of six cysteines for three disulfide bonds, as well as the other amino acids characteristic of EGF-like repeat motifs [1, 3, 4] . The largest full-length Pref-1 form, Pref-1A, encodes 385 amino acids with six EGF-like repeats. Alternative splicing generates three major shorter forms of Pref-1; Pref-1B-D, each containing in-frame deletions in the extracellular juxtamembrane region or part of the sixth EGF-like repeat domain ( Figure 1 ). In preadipocytes, multiple transmembrane forms of Pref-1, ranging from 50 to 60 kDa, are found in the cell membrane due to, in part, post-translational modifications of N-linked oligosaccharides and sialic acids in the extracellular domain [13, 23] . Pref-1 is proteolytically cleaved at the extracellular domain at two sites to generate soluble forms of Pref-1. Pref-1A and Pref-1B, are cleaved at a juxtamembrane site and at a site closer to the N-terminus to generate a larger 50 kDa and a smaller 25 kDa soluble form, respectively. The Pref-1C and Pref-1D, owing to the larger deletions at the juxtamembrane region that includes the aforementioned cleavage site, are cleaved only at the N-terminal site to generate the smaller 25 kDa soluble form. Using various inhibitors and in vitro approaches, one of the ADAM family members, TNF-α converting enzyme (TACE; ADAM 17), has been shown to be responsible for the cleavage of Pref-1 at the juxtamembrane region to generate the large 50 kDa soluble form [24] . Overexpression of TACE increases this Pref-1 cleavage. Conversely, siRNA-mediated knockdown of TACE decreases the release of the large soluble form from the membrane form. Moreover, this cleavage is undetectable or markedly decreased in cells bearing mutated TACE.
Inhibition of adipocyte differentiation by Pref-1
Upon treatment with adipogenic agents comprised of synthetic glucocorticoid, dexamethasone (DEX), isobutylmethylxanthine (IBMX) and insulin, preadipocytes, such as 3T3-L1 cells and 3T3-F442A cells, undergo adipocyte differentiation, displaying lipid droplets in the cytoplasm visualized by Oil red O staining and marked induction in expression of adipocyte markers, such as FAS, SCD-1 and aP2, as well as adipogenic transcription factors, C/EBP-α and PPAR-γ. By contrast, Pref-1 is highly expressed in preadipocytes, but is decreased during differentiation and is absent in mature adipocytes [1, 25] . Downregulation of Pref-1 reflects the degree of adipocyte differentiation and therefore Pref-1 is widely used as a preadipocyte marker. Pref-1 is downregulated specifically by one of the adipogenic agents, DEX. The inhibitory role of Pref-1 in adipocyte differentiation has been well established in cultured cells. In 3T3-L1 cells, constitutive expression of Pref-1 by stable transfection of Pref-1A markedly lowers the degree of adipocyte differentiation. Conversely, decreasing Pref-1 levels by transfection of the Pref-1 antisense sequence greatly enhances adipocyte differentiation. Using alternative splicing forms of Pref-1A-D and a mutant form of Pref-1 (Pref-1Δ21) with deletion of the cleavage site at the juxtamembrane domain, it has been demonstrated that only the 50 kDa large soluble form of Pref-1 (released from Pref-1A and B) inhibits adipocyte differentiation, and the other smaller alternative splicing products of Pref-1, including Pref-1C, Pref-1D, the membrane form (Pref-1Δ21) or smaller 25 kDa soluble form, do not inhibit differentiation [21] . Overexpression of TACE lowers the degree of differentiation by increasing the release of the 50 kDa soluble form from the cell membrane. Conversely, knockdown of TACE or treatment with inhibitors of TACE enhances differentiation confirming the biological role of this cleavage. The 50 kDa soluble form generated by TACE-mediated cleavage is the only biologically functional form of Pref-1 that can inhibit adipocyte differentiation [24] . This fact further demonstrates the importance of cleavage for bioactivity, similar to many other signal proteins such as EGF and TNF-α. Pref-1 null MEFs have also been used to examine the effect of Pref-1 in adipocyte differentiation. As judged by lipid accumulation and adipocyte marker expression, 90% of Pref-1 null MEFs differentiate into adipocytes. Overexpression of Pref-1A by lentivirus infection or treatment with soluble Pref-1 decreases the degree of differentiation of Pref-1 null MEFs by 60%, further confirming the inhibitory role of Pref-1 in adipocyte differentiation [15, 26] .
Preadipocyte factor 1 is widely expressed in multiple tissues in the embryonic stage and has been reported to be involved in embryonic development in humans and in animal models. Here, we are focusing on the Pref-1 effect on adipogenesis. To define the in vivo role of Pref-1, we generated Pref-1 null mice [27] as well as transgenic mice overexpressing Pref-1 [28] . Approximately 50% of Pref-1 null mice die within 2 days of birth and surviving mice are smaller than wild-type mice at birth and weaning age. However, the weight of white fat depots including inguinal, retroperitoneal and gonadal, are significantly higher than those of wild-type mice. Histological analysis and gene expression examination of adipocyte markers, such as C/EBP-α, PPAR-γ, FAS, SCD-1 and aFABP, have demonstrated that the increased fat pad weights resulted from increased adipogenesis. Moreover, these mice also develop enlarged livers with increased lipid content, elevated circulating triglycerides, free fatty acids and cholesterol -factors normally associated with obesity. Since only the soluble form of Pref-1 inhibits adipocyte differentiation, we generated Pref-1 transgenic mice overexpressing the Pref-1 extracellular domain as a human Fc-fusion protein using the aP2 promoter, which drives transgenic gene expression mainly in adipose tissue. aP2-Pref-1-hFc transgenic mice show a marked decrease in adipose tissue mass and reduced expression of adipocyte markers, including C/EBP-α, SCD-1, FAS and ADSF/resistin [28, 29] . Mice overexpressing Pref-1-hFc exclusively in the liver under the control of the albumin promoter also demonstrate a decrease in adipose mass and adipocyte marker expression, suggesting an endocrine mode of action of Pref-1. Pref-1 null and transgenic mice show defects similar to maternal uniparental disomy (UPD) 12 and paternal UPD12 in mice, respectively, and syntenic maternal and paternal UPD14 syndromes in humans. In this regard, in a study analysing polymorphisms in a 109 kb genomic region encompassing Pref-1 on human chromosome 14, among 1025 French and German families comprised of both parents and extremely obese offspring, researchers found a single nucleotide polymorphism (rs1802710) associated with child and adolescent obesity [30] . Furthermore, the callipyge phenotype, characterized by decreased fat mass and muscular hypertrophy in sheep, is evident only when the mutation is paternally inherited in heterozygous animals and is correlated with an abnormally high level of Pref-1 expression during the postnatal period [12] . Overall, these in vivo observations are consistent with in vitro studies, demonstrating that Pref-1 is a negative regulator of adipogenesis.
Mechanism for Pref-1 inhibition of adipocyte differentiation
The Pref-1 effect has been linked to IGF-1 and ERK-MAPK signaling pathways: the inhibitory effect of Pref-1 in adipocyte differentiation has been reported to be via the inhibition of IGF receptor signaling of ERK-MAPK activation [31] . On the other hand, others have reported enhanced IGF-1-dependent ERK activation by downregulation of Pref-1 [32] . In this regard, Pref-1 has also been reported to interact with IGFBP-1 [33] . Recently, by treatment of Pref-1 null MEFs with soluble Pref-1, the ERK1/2-MAPK pathway has been found to be responsible for the Pref-1 effect [26] . Treatment with the 50 kDa soluble Pref-1 can markedly induce phosphorylation or activation of ERK1/2, but not p38 or JNK MAPK in serum-free conditions. This clearly demonstrates that Pref-1 increases ERK1/2 phosphorylation and activation in a time-and dose-dependent manner. During adipocyte differentiation of MEFs, wild-type MEFs show a transient burst of ERK phosphorylation immediately after the addition of adipogenic agents and a second increase in ERK phosphorylation peaking at day 2 of differentiation. However, Pref-1 null MEFs show only the first, but not the second, peak of ERK phosphorylation. The second ERK phosphorylation coincides with the Pref-1 expression pattern during MEF differentiation into adipocytes. Prevention of this second ERK phosphorylation by use of the MAPK/ERK kinase (MEK) inhibitor PD98059 or siRNA-mediated knockdown of ERK enhances adipocyte differentiation, indicating that Pref-1 activation of MEK-ERK is required for Pref-1 inhibition of adipogenesis. Microarray analysis revealed Sox9 as a downstream target gene of Pref-1. Sox9 is a high-mobility-group-box DNA-binding transcription factor, and has been well documented for its critical role in chondrogenesis during skeletal development. Sox9 is expressed in all chondroprogenitor cells, specifically enriched in immature chondroblasts, but its expression is abolished in hypertrophic chondrocytes. Sox9 expression is also detectable in 3T3-L1 cells and in MEFs, and Sox9 expression is downregulated during adipocyte differentiation, matching Pref-1 expression. Also similar to Pref-1, Sox9 is highly detected in the stromal vascular fraction of adipose tissue, but not in the adipocyte fraction. Lentivirus-mediated overexpression of Sox9 in MEFs leads to decreased adipocyte differentiation, indicating the requirement of Sox9 downregulation for adipocyte differentiation. The increase in Sox9 expression by Pref-1 treatment can be blocked by the MEK inhibitors PD98059 or U0126, as well as by knockdown of ERK1/2, indicating that Pref-1 induces Sox9 expression through activation of the ERK1/2 pathway. By chromatin immunoprecipitation and electrophoretic mobility shift assays, Sox9 has been shown to directly bind to the -675-645 promoter region of C/EBP-β and -1770-1740 promoter region of C/EBP-δ. In addition, Sox9 can suppress C/EBP-β and C/EBP-δ promoter activities [15] . Overall, it has been demonstrated that Pref-1 inhibits adipocyte differentiation by preventing Sox9 downregulation.
Preadipocyte factor 1 contains several EGF-like domains that were originally described for EGF and other growth factors. These growth factors function by binding to the EGF receptor, and act as signals for cell proliferation and differentiation. While Pref-1 does not contain the conserved amino acid residues that are required for EGF receptor binding, it shares more similarities with another family of EGF-like repeat containing proteins, the Notch/Delta/Serrate (Jagged) family, which are involved in cell signaling and cell fate determination. Upon binding of Jagged1, Notch was shown to inhibit adipocyte differentiation [34] . On the other hand, others reported Notch to be required for adipocyte differentiation [35] . However, genetic loss-of-function models have demonstrated that the Notch pathway is dispensable for adipocyte differentiation [36] . In relation to this, Pref-1 lacks the Delta Serrate Lin12 (DSL) domain that is conserved in all Notch ligands to mediate receptor-ligand interactions for Notch [37] [38] [39] . Nevertheless, Pref-1 has been implicated in Notch signaling [40, 41] . Pref-1 has been reported to interact with Notch to inhibit, not activate, Notch signaling [40] to potentiate adipogenesis in a study using a mesenchymal cell line [42] . In this regard, by comparing morphological phenotype, membrane-bound Pref-1, but not the soluble extracellular domain of Pref-1, has been suggested to antagonize the Notch activity in the wing imaginal disk of Drosophila [41] . However, direct interaction of native Pref-1 and Notch has not been demonstrated. In thymocytes, Pref-1 treatment has been shown to induce Hes-1 expression, a target for Notch1 activation [6] . The Notch signaling pathway and its regulation of Pref-1 in the adipocyte differentiation process, if it occurs, requires further investigation.
Conclusion
Preadipocyte factor 1 functions as a soluble factor, maintaining proliferating cells in an undifferentiated state during development. Pref-1 inhibits adipocyte differentiation through preventing downregulation of Sox9 via binding C/EBP-β and δ promoters in order to suppress their activities. Dysregulation of Pref-1 contributes to the development of lipodystrophic disorders, diabetes, diet-induced obesity and related syndromes present in UPD 12 and 14 in mice and humans, respectively.
Executive summary

Background
• Obesity and its associated diseases are a prevalent health problem. In addition to an increase in fat cell size with triacylglycerol storage, an increase in fat cell number can contribute to the development of obesity. The increase in fat cell number arises from adipocyte differentiation of preadipocytes. Elucidating molecules involved in adipocyte differentiation is critical for the development of therapeutic targets for prevention/treatment of obesity.
Preadipocyte factor 1 structure & cleavage
• Preadipocyte factor 1 (Pref-1) contains a signal sequence at the N-terminus, a single membrane-spanning domain, EGF-like repeats at the extracellular domain and a short cytoplasmic tail. Pref-1 is cleaved at the juxtamembrane domain by TNF-α converting enzyme generating the bioactive soluble form of Pref-1.
Inhibition of adipocyte differentiation by preadipocyte factor 1
• Pref-1 is highly expressed in preadipocytes and is absent in mature adipocytes. Overexpression of Pref-1 markedly lowers the degree of adipocyte differentiation. Conversely, decreasing Pref-1 levels by transfection of the Pref-1 antisense sequence greatly enhances adipogenesis.
• A total of 90% of Pref-1 null mouse embryonic fibroblasts (MEFs) differentiate into adipocytes upon treatment with adipogenic agents. Overexpression of Pref-1 by lentivirus infection or treatment with soluble Pref-1 decreases the degree of differentiation of Pref-1 null MEFs by 60%.
• In Pref-1 null mice, weights of white fat pads are significantly higher than those of wild-type mice. Adipose tissue from these mice shows high adipocyte differentiation with elevated levels of adipocyte markers such as fatty acid synthase and stearoyl CoA desaturase 1.
• aP2-Pref-1, as well as albumin-Pref-1, transgenic mice overexpressing soluble Pref-1 in adipose tissue and liver, respectively, show a marked decrease in adipose tissue mass and reduced expression of adipocyte markers.
• Pref-1 null and transgenic mice show distinct defects similar to maternal uniparental disomy (UPD) 12 and paternal UPD12 in mice, respectively, and syntenic maternal and paternal UPD14 syndromes in humans.
• A single-nucleotide polymorphism (rs1802710) has been found in a 109 kb genomic region encompassing Pref-1 on human chromosome 14 associated with childhood and adolescent obesity.
• The callipyge phenotype, characterized by decreased fat mass and muscular hypertrophy in callipyge sheep is correlated with abnormally high Pref-1 expression during the postnatal period.
Mechanism underlying preadipocyte factor 1 inhibition of adipocyte differentiation
• Soluble Pref-1 directly increases phosphorylation of extracellular signalingregulated kinase (ERK) 1/2 rapidly but not p38 nor c-Jun amino-terminal kinase.
• Activation of MAPK/ERK kinase/ERK signaling is required for Pref-1 inhibition of adipogenesis.
• Pref-1 increases Sox9 mRNA and protein levels. The increase in Sox9 expression by Pref-1 is through ERK activation.
• Sox9 downregulation is required for adipocyte differentiation. Sox9 binds to CCAAT/enhancer-binding protein (C/EBP)-β and C/EBP-δ promoters to suppress their transcription. Pref-1 inhibits adipocyte differentiation by preventing downregulation of Sox9.
• Pref-1 has been implicated in Notch signaling, in either a positive or negative fashion. Physiologically relevant Pref-1 receptor and/or interaction partner(s) need to be identified.
Future perspective
The inhibitory role of Pref-1 in adipocyte differentiation has been well studied. However, much remains to be elucidated regarding the mechanism of Pref-1 function. Identification of the Pref-1 receptor would be critical in understanding Pref-1 function. Investigation of membrane and/or extracellular components, receptors or soluble signals, that interact with Pref-1 to mediate Pref-1 signaling will aid in understanding Pref-1 function during adipocyte differentiation. Identification of Pref-1 target genes, which are induced or suppressed by Pref-1 in preadipocytes or MEFs will also be required to clarify the cellular pathways for Pref-1. Pref-1 is expressed mainly in preadipocytes in adults, but widely expressed in embryonic tissues as well as mesenchymal cells. It will be important to investigate the commitment of mesenchymal cells into the adipocyte lineage and the role of Pref-1 in mesenchymal cell commitment and differentiation during adipogenesis. 
